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Abstract. Embryogenesis in hydra includes a variable 
period of dormancy: and this period, as well as subse¬ 
quent stages through hatching, takes place within a 
thick cuticle that hinders observation. Thus, although 
the early stages of development have been well-charac¬ 
terized qualitatively, the middle and later stages are 
only poorly understood. Here, we provide a detailed de¬ 
scription of the stages of embryogenesis, including the 
time required to traverse each of the stages, and the 
changes that occur in the type and number of cells 
throughout the stages. The events of cleavage and gas- 
trulation occur within the first 48 h. Cleavage is holo- 
blastic and unipolar and leads to a single-layered coe- 
loblastula. Gastrulation occurs by ingression and is fol¬ 
lowed by the deposition of the thick cuticle. Thereafter, 
during the variable period of dormancy ranging from 
2-24 weeks, little occurs; the important events are the 
conversion of the outer layer into an ectoderm and the 
appearance of the interstitial cell lineage. During the 
last 2 days before hatching, the endoderm and gastric 
cavity form, while stem cells of the interstitial cell lin¬ 
eage proliferate and differentiate into neurons, nemato- 
cytes. and secretory cells. Finally, the cuticle cracks, and 
the hatchling enlarges and emerges from the cuticle as a 
functional animal. The formation of the gastric cavity 
and the hatching of the embryo are both explicable in 
terms of the osmotic behavior of the animal and the hy¬ 
drostatic forces generated by this behavior. Characteris¬ 
tics of development that are common to hydra and trip- 
loblastic phyla are presented. 
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Introduction 

Hydra, like all cnidarians. arose very early in evolu¬ 
tion. Its diploblastic body plan is therefore simple, as is 
its embryogenesis. A comparison of this simple embry o¬ 
genesis with those of the more complex triploblastic 
metazoans would reveal those features that are common 
to all animals. And a further investigation of those com¬ 
mon features should then uncover basic genetic mecha¬ 
nisms underlying development. The Hox genes, for ex¬ 
ample. play an important role in specifying morphologi¬ 
cal regions in insects and vertebrates—and these genes 
also occur in cnidarians (Schierwater el al„ 1991: Mur- 
tha el al., 1991; Schumnter el ai, 1992); Cnox-2 is a Hox 
gene that is involved in maintaining the adult pattern of 
hydra (Shenk et al.. 1993a. b). Identifying these regula¬ 
tory’ genes and understanding their roles in development 
will depend on a detailed knowledge and understanding 
of hydra embry ogenesis. 

The epithelial cells in the adult hydra are constantly 
proliferating, changing their relative position along the 
body axis, and differentiating. Thus the patterning pro¬ 
cesses that maintain the form of the animal are continu¬ 
ously active in the adult as well as the embry o (Campbell, 
1967a. b: Otto and Campbell. 1977). The effects of the 
patterning processes on cells and tissues are well un¬ 
derstood, and current efforts are focused on understand¬ 
ing their molecular bases. The processes that set up the 
pattern in the embryo could be the same, overlap with, 
or differ from those maintaining pattern in the adult. Re¬ 
solving this uncertainty in hydra will require a precise 
descript ion of embryogenesis. 

After more than a century of study, the early stages 
of hydra embryogenesis—cleavage through cuticle 
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formation — have been well described qualitatively 
(Kleinenberg, 1872; Brauer, 1891: Tannreuther, 1908; 
Kanev, 1952: Tardent, 1966). But the stages have not 
been timed, and neither the rates of cell division nor the 
number of cells in each stage have been measured. In 
contrast to the early stages of embryogenesis, the later 
ones are poorly understood; a single report (Brauer, 
1891) provides a rough outline of the events, but detail is 
lacking. This lack of information is due to four factors. 
First, many strains of hydra species do not produce ga¬ 
metes under culture conditions in the laboratory. Sec¬ 
ond, most cultured strains and species also have low 
hatching rates. Third, the early and late stages of embry- 
ogenesis are separated by a period of dormancy that is 
extremely variable (2-52 weeks). Finally, a thick cuticle 
covers the embryo through most of embryogenesis; thus 
development is difficult to examine during the dormant 
period or during the final stages leading to hatching. 

We have taken advantage of two strains, one female 
and one male, that produce gametes continuously in the 
laboratory. Although the hatching time remains quite 
variable, the number of embryos produced is high and 
the hatching rate is close to 100%. We could therefore 
describe the stages of development in detail; we could 
also time them and quantify the cell populations during 
embryogenesis. 

Materials and Methods 

Culture of adult hydra and embryos 

Most analyses were carried out with two strains. One 
was PA 1, a female strain of Hydra vulgaris, isolated from 
a pond on the Haverford College campus near Philadel¬ 
phia, Pennsylvania, by Dr. Carolyn Teragawa. The 
other, CA7, a male strain of Hydra vulgaris, was isolated 
by Drs. Lynne Littlefield and Carolyn Teragawa at Boul¬ 
der Creek, near Susanville, California. Both strains were 
maintained in the laboratory for 3 years before the cur¬ 
rent studies were undertaken. Some analyses were car¬ 
ried out with the male E2 and female A5 strains, which 
were derived from crosses of PA1 and CA7. All strains 
were cultured in hydra medium, which consisted of a 
commercial spring water (Arrowhead) supplemented 
with 1 m M CaCL. Animals were maintained at 15°C 
with a light/dark regime of 12 hours light and 12 hours 
dark; they were fed once a week with the nauplii of the 
brine shrimp, Artemia salinas (San Francisco Brand), 
and the medium was changed three times per week. Un¬ 
der these culture conditions, the males produced sperm 
most of the time. Individual females produced one-to- 
several eggs at roughly monthly intervals, and often a 
culture of females produced eggs simultaneously. 

To obtain fertilized eggs, six male hydra bearing testes 
and 50 female hydra bearing eggs were cultured together 


in 100 ml of hydra medium. The males were removed 
weekly and replaced with new males bearing testes; 50- 
100 fertilized eggs, identified by the initiation of cleav¬ 
age, were harvested. In most cases, the strands attaching 
the embryo to the parent were cut with a surgical knife 
and the detached egg was transferred to a petri dish 
(60 mm X 15 mm) containing hydra medium. In other 
cases, females carrying fertilized eggs were transferred to 
a fresh dish containing hydra medium, and the embryos 
were allowed to develop while still attached. Cultures of 
20 embryos or 20 females bearing embryos were main¬ 
tained at 15°C, and the medium was replaced daily. Em¬ 
bryos were cultured until they hatched, unless used for 
experiments at some point during embryogenesis. 

Analysis of embryonic stages 

Video microscopy. Progress through the stages of 
embryogenesis was monitored on live embryos in two 
ways. For the early stages of development, embryos from 
the fertilized egg to the early cuticle stages were continu¬ 
ously monitored with a time-lapse video recorder (JVC 
BR-9000U) mounted on a dissecting microscope (Olym¬ 
pus SZH) and attached to a Sony Trinitron color moni¬ 
tor (model KX-2501). One frame per second was re¬ 
corded over 3 days. Second, the entire process of embry¬ 
ogenesis, from fertilized egg to hatching, was monitored 
with an optical disc recorder (Panasonic) attached to a 
Wild dissecting microscope and a Sony color monitor. 
One frame per 15 seconds was recorded over 30 days. 
The resultant time-lapse films were viewed and analyzed 
at playback speeds 10-100 times normal speed. 

Histology. At various stages from early cleavage to 
hatchlings, embryos or young animals were fixed and 
sectioned to examine their histological structure. The 
embryos were fixed in Lavdowsky's fixative (ethanol: for¬ 
malin: acetic acid: water in the ratios of 50:10:4:40), ei¬ 
ther for 60 min at room temperature or, for embryos 
with a cuticle, overnight at 4°C. Embryos at the last 
stage — bilayer formation, which occurs 2 days before 
hatching—and young hatchlings were relaxed in 2% ure¬ 
thane in hydra medium for 30 s prior to fixation. Fixed 
embryos and hatchlings were dehydrated through an as¬ 
cending alcohol series (25% — 100% ethanol), rinsed for 
20 min in a 1:1 mixture of 100% ethanol and tertiary bu¬ 
tyl alcohol, incubated overnight in tertiary butyl alcohol, 
and then infiltrated and embedded in Paraplast Plus par¬ 
affin (Fisher Scientific). Serial sections (!0jum) of em¬ 
bryos and hatchlings were prepared, mounted on glass 
slides, and stained with SchiiTs reagent, toluidinc blue, 
or hematoxylin and eosin. The stained sections were ob¬ 
served and photographed with a Zeiss compound micro¬ 
scope. 

Scanning electron microscopy. Relaxed hatchlings and 
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embryos at various stages were fixed for 90 min with glu- 
taraldehyde (2.5% in 10 mM Millonig's phosphate 
bufier, pH 7.2), and then rinsed three times for 15 min 
each in 10 m M Millonig's buffer. While in bufier, some 
samples were cut transversely with a straightedged razor 
blade. Samples were postfixed for 60 min in 2% osmium 
tetroxide in 10 mM Millonig's bufier, and then rinsed 
three times in 10 m4/ Millonig's bufier. Subsequently, 
they were dehydrated through a graded series ofethanols 
to 100%, critical-point dried with C0 2 , mounted on 
metal stubs, and sputter-coated with gold-palladium for 
1 min in a Denton sputter-coater. Samples were exam¬ 
ined and photographed with a scanning electron micro¬ 
scope (JEOL JSM T-300) operated at 25 kV. 

Quantification of cell numbers and types. Individual 
embryos were submerged in 50 ^tl of maceration fluid 
(acetic acid:glycerol:water in the ratios of 1:1:26; David, 
1973) and maintained at 5°C for 2-3 days. For eggs and 
embryos up to the cuticle stage, the cell suspension was 
gently agitated with a stream of air blown through a mi¬ 
crocapillary pipette. The cells dispersed in this way were 
postfixed with 8% formaldehyde and transferred to a gel¬ 
atin-coated slide. A piece of fishlinc coated with 1% 
Tween 80 was used to spread the cells evenly over a 1 X 
1 -2 enr area of the slide. For later stages (post-cuticle 
formation), individual embryos were placed on a gelatin- 
coated slide in a drop of maceration fluid, and the cuticle 
was removed with sharpened forceps. This often caused 
some of the larger embryonic cells to be sheared as they 
were extruded through the opening in the cuticle layer. 
Nevertheless, the cells were postfixed with formaldehyde 
and spread on a gelatin-coated slide as described above. 
The cells from early and late stages were dried on a slide 
warmer (40°C) overnight. 

To aid in distinguishing embryonic cells (or the nuclei 
released when cells were sheared) from the nurse cells 
that are present in eggs and embryos at all stages through 
to hatching, macerated cells were stained with a 2.5 pgj 
ml solution of DAP1 (4,6 diamidino-2-phenylindole- 
2HC1; Accurate Scientific and Chemical Corp.) in 
10 m4/ MgCF/McIlvaine bufier (18 mAf citric acid, 
164 mM Na 2 P0 4 , pH 7.0) for 30 min and rinsed in 
10 mM MgCl 2 /Mcllvaine buffer. The cells were exam¬ 
ined microscopically at 375X and classified using termi¬ 
nology established for cell types of adult hydra (David, 
1973; Campbell and Bode, 1983). Classification criteria 
were based on nuclear morphology (examined with epi- 
fluorescence) for cells at early stages of embryogenesis 
and on both nuclear and cell morphology (viewed with 
phase optics) for cells at later stages. 

Hydroxyurea treatment 

To block cell division during gastrulation, blastulae 
were exposed to 10 md/ hydroxyurea (HU) in hydra me¬ 


dium for 6 — 12 h at 15°C. Thereafter, the embryos were 
washed three times in hydra medium and allowed to de¬ 
velop in hydra medium until hatching. Some embryos 
(controls and treated) were fixed and processed for DAP1 
staining to determine if the treatment blocked cell divi¬ 
sion during the time of treatment. In detail, embryos 
were fixed in Lavdowsky's fixative for 60 min, rinsed in 
hydra medium, incubated for 5 min in DAP1, washed 
three times for 10 min each in phosphate buffered saline 
(PBS), mounted in glycerimPBS (3:1), and examined 
w ith epifluorescence. The number of nuclei per embryo 
was scored. Some HU-treated embryos were processed 
for histology immediately after gastrulation as described 
above. 

Immunocytochetnical detection of mesoglea and 
interstitial cells 

Hydra embryos (all stages of development) and 
hatchlings were examined for the presence of interstitial 
cells and mesoglea. The monoclonal antibody MG52 
(kindly provided by Michael Sarras), which recognizes 
laminin (Sarras et aL, 1991), was used to detect the pres¬ 
ence of mesoglea. CP4, a monoclonal antibody that rec¬ 
ognizes cells of the interstitial cell lineage (Javois and 
Bode, unpubl. data), was used to identify cell types of 
this lineage. Indirect immunofluorescence was used for 
visualization. 

The procedure used for immunocytochemistry was a 
modification of the one described by Dunne et at. (1985). 
Animals were fixed for 60 min in Lavdowsky's fixative, 
washed three times for 15 min each in PBT (PBS con¬ 
taining 0.25% Triton-X), and incubated overnight at 4°C 
in blocking serum (PBS containing 10% neonatal calf se¬ 
rum [Irvine Scientific] and 0.1% sodium azide). Thereaf¬ 
ter, antibody diluted in PBS (1:100 dilution of CP4 asci¬ 
tes fluid or a 1:20 dilution of MG52 tissue culture super¬ 
natant) was added to the samples, and they were 
incubated overnight at 4°C. Subsequently, samples were 
washed two times for 10 min each in PBT followed by a 
30-min rinse in PBT. Then, samples were incubated in a 
1:50 dilution of FITC-conjugated goat anti-mouse Ig's 
(Boehringer-Mannheim) in blocking serum for 30 min 
in the dark at 22°C. Samples were washed three times for 
10 min each in PBT and counterstained in 0.01% Evans 
blue in PBT for 10 min. Finally, animals were washed 
ten times for 2 min each in PBT, rinsed twice in PBS, 
and mounted on slides in 3:1 glycerin:PBS containing 
0.5% //-propyl gallate, and examined with epifluores¬ 
cence. 

Results 

A spects of oogenesis 

In hydra, an egg forms in the following manner (Hon¬ 
egger, 1981; Honegger et at., 1989; Littlefield, 1994). 
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Stem cells located in the ectoderm, whose only differen¬ 
tiation products are oocytes and nurse cells, continu¬ 
ously enter the gamete differentiation pathway. Under 
the appropriate environmental conditions they complete 
traversal of the pathway, and the products, which have 
the morphology of large interstitial cells, accumulate in 
the ectoderm. One of these interstitial cells forms an oo¬ 
cyte that increases in mass by engulfing or fusing with 
large numbers of the remaining interstitial cells, referred 
to as nurse cells. As the oocyte grows in mass, it distends 
and eventually ruptures the ectoderm (Fig. 1). Thereaf¬ 
ter, the ectoderm recedes around the edge of the egg to 
form the egg cup, a raised ring of tissue at the base of the 
egg (Fig. 2). 

Once an egg is exposed to the medium, meiosis and 
fertilization occur. The egg nucleus, which is located at 
the distal end of the cell, the point furthest from the body 
column of the parent, undergoes meiosis I and II, result¬ 
ing in the formation of three polar bodies (Honegger, 
1981). Thereafter, in the female strain used here, the egg 
has to be fertilized within 2 h for normal embryogenesis 
to occur. After 2 h the addition of fresh sperm did not 
result in the initiation of cleavage divisions. Instead the 
egg began to swell and eventually disintegrated. 

The nurse cells engulfed by the developing oocyte dur¬ 
ing oogenesis remain in the egg throughout embryogen¬ 
esis as spherical, refractile cells with pycnotic nuclei 
(Zihler, 1972; Honegger et ai t 1989) (see Fig. 1 1). They 
are located within the cytoplasm of all cells until cuticle 
formation; thereafter, they persist in many of the epithe¬ 
lial cells until hatching. They occur in large numbers, 
ranging from 2000-9000 per embryo, with an average of 
4500. 

Stages ofemhn 'agenesis 

1. Cleavage. Fertilization occurs at the distal end of 
the egg, which is the end farthest from the adult body 
column. The distal end is also the future head of the 
animal. This was established by marking the distal end 
with a vital dye and finding that the head was stained 
in the resulting hatchling. Cleavage in hydra embryos 
is holoblastic and unipolar; that is, the cleavage furrow 
progresses inward from one side of each cell. The first 
meridional division is initiated at the distal end of the 
embryo and moves in a distal-proximal direction per¬ 
pendicular to t he axis of the parent (Figs. 3 and 4). 

The second cleavage division, which begins shortly 
the first is complete, also occurs in a distal-prox- 
rection and is perpendicular to the first one. 

) divisions result in four equal-sized blasto- 
rig. As the first cleavage furrow bisects the 
egg small n rovilli, or filopodia, form in the region 
immediately "hind the leading edge of the furrow 


(Fig. 4). These microvilli, which also occur in the next 
cleavage divisions, appear to hold the forming blasto- 
meres together. Occasionally the blastomeres separate 
at the two-cell stage, or less frequently at the four-cell 
stage, resulting in the development of two or four em¬ 
bryos in a single egg cup. 

The third division is equatorial, starting at the side of 
the embryo closest to the head of the adult. The furrow 
occurs somewhat closer to the distal end of the embryo, 
resulting in two tiers of unequal-sized blastomeres (Fig. 
6). Because the furrow starts at one end, the division of 
the four blastomeres is asynchronous. Thereafter, the 
cleavage divisions are very irregular. They occur asyn¬ 
chronously and the division planes are often oblique, 
yielding unequal-sized blastomeres. Cells near the distal 
end are generally smaller than those at the proximal end 
(Fig. 7). 

By the fourth to fifth cleavage division, a cavity begins 
to form in the interior of the cell mass (Fig. 1 1), while the 
surface remains uneven (Fig. 8). Over the next 2 h the 
cavity enlarges to its final size. The shape of the embryo 
smooths out into a spherical shell (Fig. 9), which is orga¬ 
nized in a single cell layer surrounding the blastocoel 
(Fig. 10). At this point, the embryo has reached the 
blastula stage and consists of 64-128 cells (ave. = 76 
± 47 cells. Table 1). Each cell is filled with about 40 nurse 
cells (Fig. 11). Since each cell division lasts about 60 min, 
the blastula stage is reached within 6 to 8 h of fertiliza¬ 
tion. 

2. Gastru/ation. Gastrulation occurs by ingression. 
Shortly after the blastula is formed, individual cells begin 
elongating and extending their basal surfaces into the 
blastocoel (Figs. 15 and 16). Simultaneously, the lateral 
contacts with neighboring cells are reduced and eventu¬ 
ally severed, resulting in these blastomeres moving into 
the blastocoel. The process of ingression occurs in about 
2 to 4 h; when it is completed, the embryo consists of 
an outer layer of columnar cells and a central mass of 
unorganized spherical cells (Figs. 12, 17, 18). There are 
nurse cells in all blastomeres, although many more in the 
cells of the inner cell mass (Fig. 12). No cavity remains, 
and the embryo is somewhat compacted. 

Ingression begins at the distal end and proceeds in a 
wave traveling across the embryo in a proximal direc¬ 
tion. It is accompanied by a transient inward distortion 
of the surface of the blastula as cells ingress. This distor¬ 
tion apparently involves considerable force—an embryo 
detached from its parent will actually roll over the sur¬ 
face of the culture dish as ingression takes place. 

During gastrulation, the number of cells increases 
roughly fourfold, from 76 ± 47 to 315 ± 200 (Table I). 
The fact that cell division occurs while cells are accumu¬ 
lating in the blastocoel suggests delamination as an al¬ 
ternative explanation for generating cells in the cavity. If 
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Figure I . Hydra forming an egg. As the egg increases in size, it distends the overlying ectoderm of the 
parent. The ectoderm has not yet ruptured. Bar = 100 ^m. 

Figure 2. Hydra egg that has broken through the ectoderm. This developing egg is loosely attached to 
the parent at the egg cup (EC). Bar = 100 ^m. 

Figure 3. Hydra egg undergoing first cleavage. Note the distinctive heart shape created hy unilateral 
furrowing. EC, egg cup. Bar 100 ^m. 

Figure 4. Two-cell stage. Microvilli (arrow) form in the region of the cleavage furrow and may help 
hold the blastomeres together. Bar 100 ^m. 


the plane of cell division were parallel to the surface of 
the embryo, cell division would result in one daughter 
remaining at the surface while the other would be in the 
interior. To distinguish between delamination and in- 
gression. embryos were treated with hydroxyurea (HU) 


for 6 h covering the period of gastrulation. HU blocks 
cell division in hydra (Bode, 1983). In HU-treated em¬ 
bryos, gastrulation, the subsequent development of the 
embryo, and the resulting hatchlings were all normal. 
The only differences were two. One was that the cells of 



350 


V. J. MARTIN El IE. 



Figure 5. Four-cell embryo. Bar 100 ^m. 

Figure 6. Forming eighl-cell embryo of hydra showing two unequal-sized tiers of cells. Bar = 100 
Figure 7, Mid-cleavage embryo. Note the unequal size of the blastomeres. Cells at the distal end are 
smaller than those at the proximal end. Bar 100 ^m. 

Figure8. Late cleavage stage. The cells are more uniform in size and resemble a morula. Bar = 100 ^m. 
Figure 9. Coeloblaslula. Note the microvilli (arrows) that delineate the margins of the cells. Bar = 
100 ftm. 

Figure 10. Cross-section of the coeloblaslula. Note the single layer of cells surrounding the blastocoel. 
These cells contain many nurse cells (arrows). Bar = 100 ^m. 


gi J the treated animals were somewhat larger 
tha ip (compare Figs. 12 and 13), as would be 

expc Ted v . ision had been interrupted. The other 
was that tfte r tb r Tcells did not increase during gas- 


trulation in the treated animals. Thus, ingression of cells, 
not delamination, is the most likely explanation for the 
origin of the interior cells. 

Gastrulation is complete by 8 to 12 h postfertilization. 
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Figure II. Histological section of the morula. Note the forming 
blaslocoel (B) and the darkly stained nurse cells (arrows) within the 
blaslomeres. Bar = 100 ^m. 

Figure 12. Gastrula of control embryo. A central mass of cells tilled 
with darkly stained nurse cells (arrows) is surrounded by an outer epi¬ 
thelial layer (E). Bar = 100 pm. 

Figure 13. Gastrula of hydroxyurea-treated embr>o. Note the large 
cells (arrows) filled with nurse cells. Bar = 100 pm. 

Figure 14. Cuticle deposition in a control embryo. Cells of the 
outer layer exhibit filopodia (arrows) extended into the outside me¬ 
dium. Cuticle material is deposited around the filopodia, producing 
spines. Bar - 100 ^m. 


or about 2 to 4 hours after the blastula is formed. There¬ 
after, little activity is visible for the next 10- 12 h. 

3. Cuticle formation. The next stage involves the for¬ 
mation of the cuticle, a thick protective outer layer that 
is also commonly referred to as the embryotheca. About 
20 h after fertilization, the cells of the outer layer begin 
to extend filopodia into the surrounding medium (Fig. 
14). Cuticular material is deposited in layers around the 
filopodia and on the apical surfaces of the cells (Fig. 19). 
Three hours later the material has built up to the point 
that spines are visible. Over the next 18-24 h, material 
is continually deposited, producing a multilayered struc¬ 


ture over the surface of the embryo (Figs. 20 and 21) with 
ornate spines 25-50 long (Fig. 22) forming where fi¬ 
lopodia were located. Towards the end of this period, the 
filopodia are retracted and the resulting channels filled 
with cuticular material. The process is complete 40-48 h 
postfertilization. 

Cuticle deposition commonly starts on the proximal 
side in the egg cup and slowly progresses around the 
embryo in a distal direction. In general, the final distri¬ 
bution of material is somewhat asymmetric, with the cu¬ 
ticle being thickest (~60 ^m) at the proximal end and 
thinnest (—45 pm) at the distal end. Once this process 
is complete, a second, very thin, membranous layer is 
deposited by the outer cell layer beneath the cuticle (Fig. 
24). Thereafter, the embryo detaches from the parent, 
although detachment occurs occasionally at any point 
from the two-ccll stage onward. The time of detachment 
has no bearing on the progress of embryogenesis. 

4. Cuticle stage. Unlike the early and late stages of 
embryogenesis, the middle stage is of undefined length, 
ranging in the laboratory from 2-24 weeks. It is thought 
to correspond to an overwintering period of the embryo 
in nature. Two important events occur during this stage: 
the cells of the outer layer acquire characteristics of the 
epithelial cells of the adult ectoderm; and the cells of the 
interstitial cell lineage first appear. 

Shortly after cuticle formation is complete, the outer 
layer is observed to consist primarily of smaller squa¬ 
mous epithelial cells, most of which are devoid of nurse 
cells (Figs. 23 and 24). In contrast, the interior cells are 
irregular in shape and all contain nurse cells (Fig. 25). 
A change in nuclear morphology is correlated with the 
appearance of these smaller epithelial cells. In macerates. 


Table I 


Increase m number of blaslomeres and epithelial cells through 
embryogenesis 


Stage 

Time after 
fertilization 

Number of 
epithelial cells' 

<± 1 SD) 

Blastula 

6-8 h 

76 ±47 

Gastrula 

8-12 h 

315 + 200 

Cuticle formation 

20 h 

400 ± 200 

Cuticle 

40 h 

370 ± 120 

Cuticle 

6 d 

440 ± 160 

Cuticle 

11 d 

420 ±200 

Bilayer 


3000 ± 100 

Hatchling 


2830± 1080 


1 Through 144 h, the cells are blaslomeres and all are included. 
Thereafter, epithelial cells are counted, but cells of the interstitial cell 
lineage are not. Sample size = 5-13. 

2 Bilayer embryos are analyzed 2 days before hatching. Bilayer and 
hatchling data are from embryos with a diameter of 400 *im. 
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Figure 15. Cross-section of a hydra blastula showing cells (arrows) ingressing into the blastocoel from 
all sides. Bar = 100 ^m. 

Figure 16. Cells ingressing into the blastocoel during gastrulation (enlargement of Fig. 15). Individual cells 
extending ftlopodia (arrows) detach from their neighbors, move into the blastocoel, and fill it. Bar = 100 ^m. 

Figure 17. Cross-section of a control hydra gastrula. The outer layer of cells (E) will give rise to the 
epidermis of the adult polyp, while some of the cells of the inner mass (EN) will contribute to the gastro- 
dermisof the adult. Nurse cells (arrows) are abundant in the inner layer of cells. Bar 100 fim. 

Figure IS. Cross-section of a control gastrula. Note the outer layer of columnar-shaped cells (E) that 
surround the central spherical cells (EN). A mesoglea is not detected between the outer and inner cells. Bar 
= 10 n m. 


tii mclei of blastomeres of the gastrula and early cuticle 
stages ar. large and amorphous. By 6 days postfertiliza¬ 
tion and 4 da> s after cuticle formation is complete, some 


of the cells are much smaller and have nuclei that resem¬ 
ble those of the epithelial cells of adults. They have a 
prominent nucleolus and a clear cytoplasm. Thus, by 
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Figure 19. Early cuticle stage. Culicular material (arrows) is deposited on the apical surfaces of the cells 
and around filopodia that project from the outer cells. Bar - 10 ^m. 

Figure 20. Hydra embryo with fully developed cuticle. The cuticle is adorned with thick spines (ar¬ 
rows). Bar = 100 ^m. 

Figure 21. Cross-section of a cuticulated embryo. A thick cuticle is tightly attached to an outer thin 
layer of squamous cells (not visible here). The interior of the embryo contains spherical cells rich in nurse 
cells (arrows). Bar = 100 ^m. 

Figure 22. Enlargement of cuticle spines (S) and nurse cells (arrows) of a cuticulated embry o. Bar = 
10/im. 


this stage the outer layer becomes morphologically sim¬ 
ilar to the epithelium of the adult ectoderm. 

The second event is the appearance of interstitial cells. 
All nonepithelial cells in hydra are part of the interstitial 


cell lineage. It consists of a population of interstitial cells, 
some of which are multipotent stem cells, and four 
classes of differentiation products: neurons, nemato- 
cvtes, secretory cells, and gametes (Bode, 1996). During 
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Figure 23. Early cuticle stage. The outer layer ot lightly staining 
cells (E) is flattened against the cuticle (C). Nurse cells (darkh staining) 
fill the central mass of cells. Bar = 50 ^m. 

Figure 24. Mid-cuticle stage. Note the flattened squamous-hke cells 
of the outer layer (E) and the inner membranous layer (arrow) of the 
cuticle. Bar = 10 ^m. 

Figure 25. Central mass of cells, containing nurse cells, of a cuticle 
stage embryo. Bar = 10 ^m 

Figure 26. Young interstitial cells (arrows) among cells of the outer 
layer. Bar = 10 ^m. 


the first 6 days of embryogenesis, the morphology of the 
cells is either large with amorphous nuclei or epithelial in 
character. By 1 1 days postfertilization, however, another 
distinct change has occurred in a subpopulation of the 
cells. Much smaller cells with a morphology of the large 
and small interstitial cells of the adult have appeared 
(Fig. 26). Most of these cells are found among the epithe¬ 
lial cells of the thin outer layer (Fig. 26), and some are 
also observed in the inner mass of cells. As shown in Ta¬ 
ble 11. most of these cells arc large interstitial cells. 

Bila vcr formation. During this last stage of embry- 
ogen is, wo epithelial layers separated by a basement 
membrane are formed; these closely resemble the cell 
layers of the adult animal. Because the cuticle stage is of 


variable length, the timing of the onset of bilayer forma¬ 
tion is not easy to predict. However, the fact that an 
embryo is in the final stage is signaled by a clear morpho¬ 
logical change that occurs 2 days before hatching. In gen¬ 
eral, the embryo is opaque due to the refractility of the 
several thousand nurse cells in the cytoplasm of the em¬ 
bryonic cells. Two days before hatching the outer edge of 
the cmbr\o becomes translucent. The thin outer layer 
of squamous cells devoid of nurse cells becomes thicker, 
consisting of columnar epithelial cells and large numbers 
of interstitial cells (Figs. 27 and 28). Between the 1 1-day 
postfertilization stage and the bilayer stage, the number 
of interstitial cells increases markedly (Table Ill). When 
sections are treated with the antibody CP4, which spe¬ 
cifically recognizes large interstitial cells, the majority of 
stained cells appear in the outer layer (Fig. 29). In addi¬ 
tion, the small interstitial cells (cell types derived from 
the large interstitial cells) appear in substantial numbers 
(Tables 11 and 111 ). Small numbers of neurons and nests 
of nematoblasts are also observed. At this point, the layer 
closely resembles the ectoderm of the adult. 

The formation of the ectoderm must precede the for¬ 
mation of the endoderm because the outer layer is clearly 
defined 2 days before hatching, while the cells in the in¬ 
terior remain in an unorganized mass (Fig. 27). Once the 
ectoderm has formed, some of the cells of the interior 
mass line up along the ectoderm and change in shape 
from spherical to columnar (Fig. 30). This alignment oc¬ 
curs simultaneously in different parts of the embryo, and 
the enlarging aligned regions of the developing endo¬ 
derm fuse into a complete spherical layer. As this occurs, 
spaces appear among the cells within the interior cell 
mass (Figs. 28 and 30). These spaces enlarge and coalesce 
with time, thereby forming the gastric cavity. When 
these processes are complete, two layers have formed 
(Figs. 31 and 32). Most of the cells of the inner mass have 
become part of the endoderm, although some remain in 
the cavity and later appear to degenerate. The cells of the 
inner layer have the typical appearance of endodermal 
epithelial cells of the adult in that one or more cilia pro¬ 
trude from their surfaces into the gastric cavity (Fig. 32). 

The last step is the formation of the mesoglea, the base¬ 
ment membrane that separates the two layers in the 
adult. Like the basement membranes found in higher 
metazoans, this structure is mainly composed of collagen 
IV, fibroncctin, laminin, and heparan sulfate proteogly¬ 
can (Sarras et of, 1991). Whole embryos at different 
stages of development were stained with the monoclonal 
antibody MG52, which recognizes the laminin compo¬ 
nent of mesoglea. Embryos at the blastula, gastrula, cuti¬ 
cle deposition, and early presumptive ectoderm stages 
did not stain with the antibody, indicating that the meso¬ 
glea had not yet been synthesized (data not shown). Em¬ 
bryos in which both layers had formed showed staining 
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Table II 


Relative increase in the population sizes of the cell types of the interstitial cell lineage during enihryogenests 


Slage 1 


Number of cells of a cell lype/epithelial cell 



Large 

interstitial cells 

Small 

interstitial cells 

Nemaloblasls 
+ Nematocytes 

Neurons 

Secretory 

cells 

Cuticle (6 d pf) 

_ 

— 

— 

— 

— 

Cuticle (lid pf) 

0.33 

0.06 

— 

— 

— 

Bilayer 

0.61 

0.40 

0.023 

— 

0.013 

Hatchling (0-5 h) 

0.52 

0.58 

0.13 

0.025 

0.058 

Hatchling (2-20 h) 

0.49 

0.61 

0.70 

0.11 

0.12 

Adult 

0.64 

0.70 

1.32 

0.25 

0.27 


1 pf - postfertilizalion. 

: Dala from Bode et at.. 1973. 


between the layers where the mesoglea normally forms 
(Fig. 33). The endodermal layer need not be complete 
for the appearance of the mesoglea, which begins to form 
shortly after the endodermal cells align on the ectoderm. 
With the formation of the mesoglea, the overall structure 
of the embryo is complete. 

6. Hatching. Once the bilaver has formed, the 
embryo begins to pulsate rhythmically and continues to 
do so until hatching is complete. As the embryo pul¬ 
sates, perforations and channels appear in the cuticle, 
forming a honeycomb pattern and suggesting that the 
structure is beginning to break down (Fig. 34). Within 
24 h of the formation of the two epithelial layers, the 
cuticle cracks open on its thinnest side, the original dis¬ 
tal side of the embryo where the head forms. To confirm 
that the crack was always on the distal side, embryos 
that had formed a cuticle were detached from the par¬ 
ent, embedded in soft agar with known orientation, and 
incubated in hydra medium. These embryos hatched in 
the agar, and in each case the cuticle opened at the distal 
end. Furthermore, the head end of the hatchling always 
came out first. 

Once the cuticle opens, the spherical embryo contin¬ 
ues its pulsatile contractile activity and begins to elon¬ 
gate and emerge from the cuticle (Pig. 35). For the next 
2.5 h the periodic elongations and contractions con¬ 
tinue, and the shape changes from a compact sphere to 
an elongate cylinder 550-700 pm in length. During the 
early stages of hatching, the embryo is still env eloped in 
the membrane that was laid down at the beginning of the 
cuticle stage, but as the embryo enlarges, the membrane 
ruptures. This results in increased activity of the hatch¬ 
ling as it frees itself of membrane and cuticle. 

The apical end of the hatchling undergoes dramatic 
morphological changes during the final stages of hatch¬ 
ing. Before the membrane ruptures, the apical end has 
the shape of a smooth dome (Fig. 35). Within as short a 


period as 15 min after rupture, the apical end narrows 
into a conical shape, and one to five tentacle primordia 
evaginate in a ring below the apical tip (Fig. 36). At this 
point, the head of the hatchling is morphologically com¬ 
plete and resembles that of a mature bud. The foot is 
also completely functional. Once free of the cuticle, the 
hatchling is able to stick to the surface of the petri dish. 
This ability is also found in adult hydra, and indicates 
the presence of functional mucous-producing cells in the 
foot region. 

Other signs that the hatchling is essentially fully func¬ 
tional are apparent. The body column elongates and 
contracts, indicating that the muscle processes of the ep¬ 
ithelial cells in each of the layers are fully developed. Fur¬ 
ther, the nerve net that coordinates the contractile activ¬ 
ity must have formed. The hypostome, the dome above 
the ring of tentacles in the head, contains the mouth. In 
adults, treatment with glutathione results in opening of 
the mouth, mimicking a feeding response (Lenhoff, 
1983). A freshly hatched hydra treated with glutathione 
opens its mouth, indicating that the mouth is fully 
formed and functional. When the hypostome is touched 
with a brine shrimp larva the mouth opens and the larva 
is ingested, and then digested. Because the tentacles are 
short upon hatching, capture of brine shrimp larvae is 
difficult. But within 2 days of hatching, after the tentacles 
have grown in length, the hatchling is fully capable of 
capturing shrimp larvae and feeding itself. Hence, the 
nematocytes necessary for the capture of the shrimp, the 
mucous cells of the head, which arc inferred to be in¬ 
volved in ingestion, and the gland cells necessary for di¬ 
gestion have all formed. All of these activities indicate 
that the hatchling has a full complement of the somatic 
cell types found in an adult. As shown in Table 11, the cell 
composition of a hatchling less than a day old is rapidly 
approaching that of an adult, which confirms the infer¬ 
ence from the behavior of the young animal. 
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Figure 27. Early bilayer stage. An outer layer (E, future ectoderm) 
of columnar cells and interstitial cells (arrow) surround an unorganized 
mass of interior cells (EN, future endoderm). Bar = lOO^m. 

Figure 28. Forming endoderm (EN) of a bilayer embryo. As the 
endodermal epithelial cells line up along the ectoderm (E), spaces (S) 
appear among the interior mass of cells. Note the interstitial cells (ar¬ 
rows) in the outer layer. Bar = 50 ^m. 

Figure 29. Bilayer stage stained with CP4 monoclonal antibody. A 
large number of labeled interstitial cells (arrows) are seen in the outer 
epithelial layer. Bar - 100 ^m. 

Figure 30. Bi layer stage. An outer ectoderm (E) and inner endo¬ 
derm (EN) are complete. Interstitial cells (arrows) are found in both 
layers. Bar = 50 ^m. 


Discussion 

Timing of embrvologiccil events 

Because the body plan of hydra is simple, the events of 
embryogenesis are few when compared to the develop¬ 
ment of the body plans of more complex metazoans. The 
early events can be summarized as shown in Figures 37- 
30. After fertilization, the cleavage divisions lead to the 
n of a single-layered blastula. Gastrulation is 
due to ill ingression of cells from the blastula layer into 
the cav il nil it is filled. Thereafter, a thick protective 
outer layer of cuticle and a thin inner membranous layer 


are laid down around the embryo (Fig. 40). During the 
prolonged cuticle stage, the major events are the conver¬ 
sion of the outer layer of blastomeres into a layer closely 
resembling the adult ectoderm and the appearance of the 
interstitial cell lineage (Figs. 41 -43). In the final days be¬ 
fore hatching, the endoderm, the mesoglea separating 
the two layers, and the gastric cavity form (Figs. 43 
and 44). 

When kept in the laboratory at a constant temperature 
of 15°C, embryos of the species used here complete de¬ 
velopment at any time from 2 weeks to 6 months. Yet, 
this is not an accurate reflection of the time required to 
undergo the events of embryogenesis. From fertilization 
through the completion of cuticle formation requires 40 
to 48 h. The time from the appearance of the translucent 
stage, indicating a fairly complete ectoderm at the onset 
of the bilayer stage, until hatching is also about 48 h. The 
very large variable period occurs during the cuticle stage. 
In its normal freshwater habitats, the embryo is inactive 
during this period of embryogenesis. 

There are indications that the actual time required for 
embryogenesis may be much shorter. Other authors (Ka- 
naev, 1952) have noted that fertilized eggs can hatch in 
13-14 days. We found that 5%-10% of the embryos 
hatched in about 2 weeks, but the percentage increased 
to 40%-50% if the embryos were subjected to electro¬ 
poration at 5 days postfertilization (P. Bode, pers. obs.). 
These results suggest that, in addition to the 2 days at the 
beginning and 2 at the end of embryogenesis, the cuticle 
stage can be traversed in about 9 to 10 days. Because rel¬ 
atively few embryonic events occur during this stage 
compared to the beginning and end of embryogenesis, it 
is unclear whether this amount of time is obligatory. 

The two epithelial cell lineages form sequentially 

The development of both epithelial lineages involves 
relatively few steps. A hatchling derived from a large 
embryo (—400 ^m in diameter) has about 3000 epithe¬ 
lial cells (see Table 111). Most of the cell divisions giving 
rise to this population occur at the very beginning of 
embryogenesis. In the approximately 10 h from the fer¬ 
tilized egg through gastrulation, the cell number in¬ 
creases to about 300 cells, with each of the eight to nine 
cell divisions lasting about an hour. Thereafter, the rate 
of cell division slows down dramatically. In the next 10 h 
before cuticle formation begins, some of the cells un¬ 
dergo another division and raise the number to about 
400 cells. Since the interstitial cells most likely arise by 
asymmetric cell divisions of blastomeres in the cuticle 
stage, one can consider the 400 blastomeres at the begin¬ 
ning of cuticle formation to be the direct precursors of 
the 3000 epithelial cells of the hatchling. This implies 
that these blastomeres, or later as epithelial cells, un- 
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lable III 


Changes m cell composition during emhryogenesis 


Stage 

Epithelial 

cells 

Large 

interstitial cells 

Small 

interstitial cells 

Nematoblasts 
+ Nemalocytes 

Neurons 

Secretory 

cells 

Blastula 

76 

_ 

— 

— 

— 


Gastrula 

315 

— 

— 

— 

— 

— 

Cuticle formation 

400 

— 

— 

— 

— 

— 

Cuticle (40 h) 

370 

— 

— 

— 

— 

— 

Culicle(6 d) 

440 

— 

— 

— 

— 

— 

Cuticle (Md) 

420 

140 

25 

— 

— 

— 

Bilayer 

3000 

1830 

1230 

70 

— 

40 

Halchling(0-5 h) 

2830 

1470 

1640 

370 

70 

160 

Hatchling (2-20 h) 

2830 

1390 

1730 

1980 

310 

340 


Data for epithelial cells are from Table I. The number of cells of the interstitial cell lineages are calculated from the numbers of epithelial cells 
and the ratios of interstitial cell lineage cell type to epithelial cells from Table 11. 


dergo only another two to three divisions. And, if the 
minimum hatching time is about 13-14 days, about ten 
cell divisions occurred in the first day, and the remaining 
two to three occurred in the last 12-13 days. 

The outer layer of blastomeres formed at gastrulation 
will give rise to the ectoderm. After ingression is com¬ 
plete, these cells still contain nurse cells, although they 
are fewer and mostly located near the basal portions of 
the cells (Fig. 39). In animals whose hatching time was 
not artificially reduced, a distinct change occurs by 
6 days postfertilization. The outer layer next to the cuti¬ 


cle consists of a layer of squamous cells devoid of nurse 
cells (Fig. 41). In addition, the morphology of the nuclei 
of these cells changes from the amorphous nucleus of a 
blastomere to the clear nucleus, characterized by a prom¬ 
inent nucleolus, of an adult epithelial cell. This layer 
most likely arose from blastomeres of the outer layer un¬ 
dergoing a division parallel to the surface and giving rise 
to the squamous cells next to the outer cuticle and 
deeper, somew hat larger, cells that contain nurse cells. 

The next distinct change in this layer occurs 2 days 
before hatching when the ectodermal layer becomes 



Figure 31. Cross-section of a hilayer stage embryo. Two distinct layers (E, EN) surrounding a gastric 
cavity (G) are visible. C, cuticle. Bar 100 ^m. 

Figure32. Bilayer stage embryo. A distinct ectoderm (E) and endoderm (EN) are separated by a meso- 
glea (arrow). Nurse cells (N) are found in the cells of the endoderm. G, gastric cavity. Bar 10 ^m. 
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Figure 33. Mesoglea (arrow) of Ihe bilayer stage stained with an 
anli-laminin monoclonal antibody, MG52. E, ectoderm; EN, endo¬ 
derm. Bar = 50 ^m. 


translucent. The layer becomes two to three times 
thicker, with the ectodermal cells changing from squa¬ 
mous to columnar in shape. The increased width and the 
absence of the opaque nurse cells render the layer 
translucent. This change may occur primarily because 
of the rapid accumulation of cells of the interstitial cell 
lineage among the cells of the outer layer during the bi- 
laver stage. Since the surface area of this layer is constant, 
the increasing mass of the interstitial cells may force the 
epithelial cells to undergo the observed shape change. At 
this point the outer layer is very similar to the adult ecto¬ 
derm. 


At the bilayer stage when the ectoderm is mostly com¬ 
plete, the definitive endoderm is nonexistent. The cells 
that will form the endoderm arc still a disorganized mass 
in the interior of the embryo. Between the bilayer stage 
and hatching 2 days later, many of these cells begin to 
align themselves on the overlying ectoderm, changing in 
shape from roughly spherical to columnar (Figs. 43 and 
44). This alignment occurs independently in several 
places, with the enlarging patches merging and fusing 
into a complete cndodermal layer. These cells still con¬ 
tain large numbers of nurse cells and will do so for several 
days after hatching. The role of the nurse cells is unclear, 
although the most probable explanation is that they pro¬ 
vide a source of nutrients. 

The last step in the development of the two epithelial 
layers is the formation of the mesoglea between them 
(Figs. 43 and 44). This occurs after the alignment of the 
cndodermal cells with the overlying ectodermal cells. Ev¬ 
idence in adult animals indicates that both layers are in¬ 
volved in the formation ofthc mesoglea (Epp et a!.. 1986; 
Sarras et aL, 1993). Most likely the same process occurs 
here. 

These events lead to the formation of two layers sepa¬ 
rated by a basement membrane. An unanswered ques¬ 
tion concerns the changes in these epithelia that will lead 
to formation of the head and foot. Shortly after hatching, 
tentacles emerge from the apical dome, and upon stimu- 



Figurc 34. Degenerating cuticle just prior to hatching. Perforations and channels (arrows) appear in 
the cuticle, producing a honeycomb pattern. Bar 10 ^m. 

Figure 35. Hydra hatchling emerging from the cuticle. Arrow indicates a dome-shaped anterior head, 
Bar = 100 ^m. 

Figure 36. Hydra hatchling with four tentacle bumps. Bar - 100 ^m. 
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lation with glutathione, the mouth opens. In addition, 
once free of the cuticle, the hatchling sticks to the surface, 
indicating that it has a fully formed foot. When do the 
epithelia undergo the changes that set up the tissue for 
these morphogenetic and differentiation events? 

Development of the interstitial cell lineage 

All nonepithelial cells in hydra are part of the intersti¬ 
tial cell lineage. The formation of this lineage occurs in 
parallel with the development of the two epithelial layers. 
Large interstitial cells are rare or absent at 6 days postfer¬ 
tilization, but are present by 11 days (Tables II and III). 
Since large interstitial cells are considerably smaller than 
blastomeres, the simplest explanation is that some of the 




Figure 37. Coeloblastula. A single layer of cells filled with darkly 
colored nurse cells (P) surround a fluid-filled blastocoel (B). N, nucleus. 

Figure 38. Cells mgressing (arrow) into the blastocoel during early 
gastrulation. As cells move to the interior they elongate, detach from 
their neighbors, and round up once in the filling blastocoel. N, nucleus. 

Figure 39. Embryo at the completion of gastrulation. An outer 
layer of columnar cells has formed: within these cells the nurse cells are 
found at the basal tips. Spherical cells filled with nurse cells occupy the 
center of the embryo. A blastocoel is obliterated. 



Figure 40. Early cuticle stage of hydra. The cells of the outer layer 
extend liny ftlopodia (arrows) upon which cuticle material is deposited. 
Note that the darkly colored nurse cells have accumulated in the central 
cells. C, cuticle. 

Figure 41. Embry o a few days alter cuticle deposition is completed. 
Note that the outer layer of cells has flattened against the cuticle (C) to 
assume a squamous-like morphology. Nurse cells are virtually absent 
from the outer layer. Spherical cells containing numerous nurse cells 
fill the center of the embryos. The cuticle is thick and bears beautiful 
geometric spines. Filopodia of the outer cells have been retracted. 

Figure 42. M id-cuticle stage of hydra. 1 nterstitial cells (arrows) arise 
in the outer layer. Cells of the outer layer have a flattened, squamous 
morphology. The inner cells are spherical and filled with nurse cells: no 
nurse cells remain in the ectoderm. C, cuticle. 

Figure 43. Bilayer stage. The two layers, the ectoderm (E) and the 
endoderm (EN). are distinct and are separated by a mesoglea (double 
arrows). A forming gastric cavity (G) is present. Interstitial cells (single 
arrows) are found in both germ layers. C, cuticle. 


blastomeres undergo asymmetric cell divisions to gener¬ 
ate the interstitial cells. Though such divisions were not 
observed directly here, Noda and Kanai (1980) reported 
them in another species of hydra, Pehnatohydra rohusta , 
and FennhofF(1980) described similar divisions in Tu- 
bitlaria crocea, a marine relative of hydra. 

Where do these asymmetric cell divisions take place? 
Noda and Kanai (1980) placed them at the base of the 
outer layer, and FennhofT (1980) localized them in the 
central mass of cells. In our study there is clear evidence 
of large interstitial cells in the thin outer layer where the 
epithelial cells are devoid of nurse cells. However, some 
cells in the interior mass of cells also have the morphol¬ 
ogy of interstitial cells. Results of the CP4 staining in bi¬ 
layer stage embryos (Fig. 29) indicate that most of the 
interstitial cells are in the ectoderm, and some are in the 
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Figure 44. Emerging hatchling. As the cuticle (C) breaks open, the 
hatchling exits head-end first. The cells of the ectoderm (E) and endo- 
derm (EN) expand, and the gastric cavity (G) increases in size. Intersti¬ 
tial cells (single arrows) are abundant in both layers, and clusters of 
nemaioblasts (NB) (differentiating nematocyles) are found in the ecto¬ 
derm. 


endoderm. Since interstitial cells can migrate (Martin 
and Archer, 1986; Teragawa and Bode, 1990), it is quite 
plausible that they arise in both areas and that most even¬ 
tually migrate into the ectoderm. 

The development of the population of the interstitial 
cell lineage can be conveniently examined in three 
stages: the cuticle and bilayer stages and shortly after 
hatching. The large interstitial cells, which contain the 
multipotent stem cells (David and Murphy, 1977), arise 
during the cuticle stage, appearing between 6 and 
1 1 days postfertilization. At 1 1 days the ratio of large in¬ 
terstitial cells to epithelial cells is 0.3: 1.0, and rises to 0.5: 
1.0 by the time of hatching (Table II). In the adult, this 
ratio of these two ever-growing populations is main¬ 
tained at 0.65: 1.0 (Bode e/rt/.. 1973). These results imply 
that the population of large interstitial cells arises, grows, 
and approximates the adult ratio of large interstitial cells 
to epithelial cells during the cuticle stage. Whether the 
population of large interstitial cells reaches this size pri¬ 
marily by the division of a few interstitial cells that arise 
by asymmetric divisions, or whether most arise from 
asymmetric divisions is not known. 

During the cuticle stage, most of the large interstitial 


cells are involved in proliferation. By the bilayer stage, 
however, a substantial fraction are differentiating, as 
measured in terms of the small interstitial cells, which 
are the dividing intermediates of the neuron and nema- 
tocyte pathways (David and Gierer, 1974). Shortly after 
hatching, fully differentiated neurons, nematocytes, and 
secretory cells appear; within a day there are substantial 
numbers of all three classes of these differentiation prod¬ 
ucts. Since the time required for the three classes of 
differentiation products to traverse the differentiation 
pathways is equal to, or considerably longer than, the 
length of the bilayer stage, large interstitial cells must 
have begun entering the differentiation pathways late in 
the cuticle stage. Within a day after hatching, when the 
first wave of differentiation is complete, the ratios of the 
populations of these differentiation products to epithelial 
cells have reached half those found in adult animals (Ta¬ 
ble II). 

In summary, the interstitial cell lineage develops in a 
straightforward manner. Large interstitial cells, perhaps 
all stem cells, appear during the cuticle stage and prolif¬ 
erate. Starting one-to-several days before the bilayer 
stage, these cells enter the three differentiation pathways 
in large numbers, resulting in the formation of numbers 
of neurons, nematocytes, and secretory cells within a day 
after hatching. Thus, this initial round of differentiation 
results in a cell composition that is close to that of the 
normal adult. 

A mechanism for the formation of the gastric cavity and 
hatching 

Unexplained so far is how the gastric cavity forms, and 
how an embryo emerges from the cuticle during hatch¬ 
ing. Both events are probably part of a single process that 
is related to the osmotic behavior of the animal and the 
hydrostatic forces generated by this behavior. 

There is a considerable difference in osmolarity be¬ 
tween the external environment and the cytosol of the 
cells of an adult hydra (Lilly, 1955). Since the two envi¬ 
ronments are separated only by a plasma membrane, wa¬ 
ter is continually transported from the surrounding me¬ 
dium into, and through, the cells of the two epithelial 
layers into the gastric cavity. The increasing volume of 
the gastric cavity is periodically reduced as the animal 
contracts, thereby expelling fluid through the mouth. 

Observations of developing aggregates indicate that 
both layers arc necessary for this transport. When viable 
cells obtained by dissociating whole hydra are centri¬ 
fuged into a pellet, or aggregate, the aggregate will de¬ 
velop into a normal animal (Gierer ct a/., 1972). Initially, 
ectodermal epithelial cells migrate to the surface, form¬ 
ing an epithelium. Thereafter, cndodcrmal epithelial 
cells align themselves on the ectoderm and form patches 
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of epithelium, which eventually coalesce into a complete 
endoderm. Internal spaces of fluid first form directly be¬ 
hind the patches of endodermal epithelium (Sawada, 
1994), which suggests that the transport of water from 
the surrounding medium into the interior requires both 
the ectodermal and endodermal layers. 

A similar process occurs during embryogenesis. Dur¬ 
ing the bilayer stage, as the endodermal layer forms, 
fluid-filled spaces appear among the internal cells; these 
eventually coalesce into the gastric cavity. Because the 
size of the cavity becomes substantially larger than the 
volume of the space occupied by the interior cells at the 
beginning of the bilayer stage, it is unlikely that the cavity 
arises simply by the ordering of these cells into a layer. 
Instead, it is more likely that the formation of the gastric 
cavity and the subsequent hatching are due to the 
transport of water into the internal space. This could 
happen in the following manner. 

By the bilayer stage, the cuticle has developed cracks. 
Because the cuticle is thinnest at the distal end where the 
head will form, it is likely that water seeps through the 
cuticle in significant quantities in this location first, and 
is transported into the interior of the embryo. That the 
gastric cavity is first visible as an elipsc-shaped space near 
the distal end is consistent with this view. As the cuticle 
weakens, increasing amounts of water are transported 
into the gastric cavity from all over the surface of the 
embryo. This increases the hydrostatic pressure of the 
cavity, which in turn increases the pressure on the weak¬ 
ening cuticle. Eventually the cuticle cracks at the thin¬ 
nest, and thus, weakest, point, which is at the distal end 
where the head is forming. With the embryonic surface 
now in direct contact with the surrounding medium, 
even more water is transported across the epithelial lay¬ 
ers. Without the restraint of an intact cuticle at the distal 
end, the ever-increasing hydrostatic pressure in the gas¬ 
tric cavity distends the epithelial layers. Hence, the 
embryo slowly emerges through the crack in the cuticle 
like an inflating balloon, increasing in size as it emerges. 
Once liberated, the hatchling is at least twice the size it 
w as just before hatching. 

Another effect of w ater transport is taking place at the 
same time. Adult ectodermal epithelial cells have vacu¬ 
oles that make up 90%-95% of the cell volume (Camp¬ 
bell, 1985). The size of these vacuoles is inversely corre¬ 
lated with the ion concentration of the surrounding me¬ 
dium (Trenkner el ai ., 1973). Shortly before hatching, 
the ectodermal epithelial cells have no, or small, vacu¬ 
oles. As water enters the late stage embryo during pre¬ 
hatching and hatching, the ectodermal cells begin to 
form vacuoles and increase in size. The resulting increase 
in the size of the ectoderm as a whole acts syncrgisticallv 
with the increasing volume of the gastric cavity to force 
the hatchling out of the cuticle. 


Embryogenesis in hydra and deuterostomes shares 
several charuc terisl ics 

The evolutional' distance is considerable between the 
diploblastic, radially symmetrical cnidaria and the trip- 
loblastic bilateral phyla of both deuterostomes and pro- 
tostomes. Yet, in examining the evolutionary conserva¬ 
tion of developmental processes and mechanisms, it is 
useful to compare the features of embiogenesis in hy¬ 
dra, or cnidaria in general, with those of other phyla. A 
tentative conclusion is that embryogenesis in hydra has 
a number of features that are characteristic of deuteros¬ 
tomes. 

The cleavage pattern of hydra is radial for the first 
three divisions, becoming irregular thereafter. Both are 
characteristic of some vertebrates, such as amphibians. 
The resulting hydra blastula is a spherical shell consisting 
of a single layer of cells surrounding a blastocoel, as is 
found in sea urchins. And, as with many deuterostomes, 
hydra embryos are regulative during early cleavage 
stages. The two cells resulting from the initial cleavage 
sometimes separate, with each blastomere developing in¬ 
dividually into a normal animal. Each of these embryos 
is half the size of the original egg. Occasionally, the cells 
resulting from the first two cleavage divisions separate to 
form four embryos with one-fourth the volume of the 
original egg. They too undergo normal embryogenesis 
and yield normal hatchlings. 

In many deuterostomes, gastrulation occurs by invo¬ 
lution or invagination of parts of the blastula. The same 
is true for some cnidarians, as many scyphozoans and 
anthozoans gastrulate by invagination (Hyman, 1940; 
Berrill, 1949; Chia and Spaulding, 1972). Other cnid¬ 
arians use ingression for gastrulation; hydra clearly uses 
this process (Hyman, 1940). The endoderm and meso¬ 
derm of the chick embryo are also formed by ingression, 
as arc the primary mesenchyme cells of the sea urchin 
embryo. 

Another interesting feature is that, like vertebrates, hy¬ 
dra has several stem cell systems that arise during embry¬ 
ogenesis. Both the ectoderm and the endoderm of hydra 
are epithelial stem cell systems; they are similar to the 
epidermis and intestinal epithelium of vertebrates in that 
all consist of stem cells and differentiation products. 
Even more striking is the hydra interstitial cell system, 
which has many similarities to the hemopoietic system 
of the mouse. In both cases the cells of the tissue are mi¬ 
grator), and a multipotent stem cell gives rise to a num¬ 
ber of differentiation products. 

Finally, the cnidaria are usually considered to be dip¬ 
loblastic animals with an ectoderm and an endoderm, 
but no mesoderm. They may, in fact, have a primitive 
mesoderm. The interstitial cell lineage is a separate lin¬ 
eage even though it is physically intermingled with the 
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cells of the other two layers. Like many mesodermal tis¬ 
sues, this interstitial cell lineage is mesenchymal rather 
than epithelial in / ler. Moreover, in some cnid- 
arians there are c. he interstitial cell lineage in the 
mesoglea, sue- ig the beginnings of a physical sep¬ 
aration of a "t derm "precursor" from the other two 
layers. 

Conclusion 

This study provides a clearer understanding of the se¬ 
quence and timing of embryonic events in hydra, the 
changes in cell population sizes, and the development 
of the three cell lineages that constitute the adult ani¬ 
mal. We are now in a better position to examine the 
expression pattern of a variety of genes that have been 
isolated in hydra, and thereby investigate the relation¬ 
ship among the patterning processes that govern embry- 
ogenesis, budding, and maintenance of the form of the 
adult body. 
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